Caramel color is added to many widely-consumed beverages as a colorant. Consumers of these beverages can be exposed to 4-methylimidazole (4-MEI), a potential carcinogen formed during its manufacture. California's Proposition 65 law requires that beverages containing 4-MEI concentrations corresponding to exposures that pose excess cancer risks > 1 case per 100,000 exposed persons (29 μg 4-MEI/day) carry warning labels. Using ultrahighperformance liquid chromatography-tandem mass spectrometry, we assessed 4-MEI concentrations in 12 beverages purchased in California and a geographically distant metropolitan area (New York) in which warning labels are not required. In addition, we characterized beverage consumption by age and race/ethnicity (using weighted means calculated from logistic regressions) and assessed 4-MEI exposure and resulting cancer risks and US population cancer burdens attributable to beverage consumption. Data on beverage consumption were obtained from the National Health and Nutrition Examination Survey, dose-response data for 4-MEI were obtained from the California Environmental Protection Agency Office of Environmental Health Hazards Assessment, and data on population characteristics were obtained from the U.S. Census Bureau. Of the 12 beverages, Malta Goya had the highest 4-MEI concentration (915.8 to 963.3μg/L), lifetime average daily dose (LADD -8.04x10
Introduction
Soft drinks, including sodas, are widely consumed in the United States [1, 2] . A common ingredient in many soft drinks (e.g., colas, root beers, iced teas) is caramel color [3, 4] produced with ammonium compounds (i.e., caramel color type IV) [5, 6] . The use of these compounds to manufacture caramel color can result in the formation of 4-methylimidazole (4-MEI) [7] . In recent years, evidence for the carcinogenicity of 4-MEI has raised concerns about uses of caramel color type III and IV that may expose consumers to 4-MEI and increase cancer risk [8] [9] [10] [11] .
The U.S. National Toxicology Program (NTP) assessed the carcinogenicity of 4-MEI in male and female mice and rats using two-year feeding studies in 2007, concluding that there was "clear evidence of carcinogenic activity in male and female mice", based on increases in adenomas and carcinomas of the lung in exposed mice relative to controls, and "equivocal evidence of carcinogenic activity in female rats", based on increases in leukemia in exposed female rats relative to controls [12] . No evidence of carcinogenicity was found in male rats [12] . Based on the NTP studies, the International Agency for Research on Cancer classified 4-MEI as Group 2B, or "possibly carcinogenic to humans", indicating sufficient evidence of carcinogenicity in experimental animals while no human data were available [13] .
In 2011, California listed 4-MEI as a carcinogen under the Safe Drinking Water and Toxic Enforcement Act of 1986, which is better known as Proposition 65 [14] . A product sold in California that contains a chemical listed as a carcinogen under Proposition 65 must carry a warning label if exposure to the chemical resulting from use of the product will exceed a no significant risk level (NSRL) [15] . The NSRL is the lifetime average daily exposure associated with a one-in-100,000 cancer risk [15] , and is set at 29 μg/day for 4-MEI [14] . Following the listing of 4-MEI under Proposition 65, leading soft drink manufacturers announced that they would lower 4-MEI concentrations in products sold in the U.S. [9] .
While the use of caramel color type III and IV continues to receive scrutiny [8, 9] , and studies of 4-MEI in foods and beverages have been reported [10, 11, 13] , prior peer-reviewed studies have not assessed 4-MEI exposure or its associated cancer risk and burden. To address this critical gap in the literature, we conducted a market basket study of soft drinks that listed caramel color as an ingredient to estimate exposure to 4-MEI resulting from soft drink consumption, and estimated cancer risk and/or burden associated with exposure. The results were stratified by location to assess how Proposition 65 may have influenced 4-MEI exposure and risk. To facilitate the exposure assessment, we analyzed soft drink consumption using data from the National Health and Nutrition Examination Survey (NHANES).
Materials and Methods
Our study did not involve human or animal subjects.
Sample Collection and Preparation
We purchased one hundred and ten (110) soft drink samples in duplicate from retail stores in California and the New York metropolitan area (i.e., Connecticut, New Jersey, and New York). The two locations were chosen to include the jurisdiction where soft drinks are subject to Proposition 65 requirements (California) and a geographically distinct population center as a comparison area (the New York area), to allow for detection of differences in 4-MEI concentrations by location that may be attributable to Proposition 65. For each beverage/location combination (e.g., Diet Coke from California), at least two separate production lots were purchased to capture variability within that combination. All samples were purchased in can form, with the exception of Goya Malta, which was purchased in glass bottles.
The initial set of samples (n = 57) was purchased in April-May 2013. Two more sets of samples were purchased in July-September (n = 12) and December of 2013 (n = 29) to assess potential changes over time in 4-MEI concentrations. All samples were shipped to Johns Hopkins University for preparation for 4-MEI analyses. Twelve separate samples from these 98 lots were tested for 4-MeI levels a second time to ensure the accuracy of the initial testing results.
Samples were opened and poured into a 125mL amber glass jar or a 50mL clear polyethylene tube (Fisher Scientific, Hampton, New Hampshire). Each container was sealed with laboratory film (Parafilm, Bemis Company, Neenah, Wisconsin) and labeled with a randomly generated sample number to blind the contract laboratory to the identity of the soft drink during analysis. All samples were stored at room temperature from purchase through 4-MEI analysis.
4-MEI Analyses
Following preparation, beverage samples were sent to a commercial laboratory for analysis and analyzed for 4-MEI by ultrahigh-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), previously described by Wang and Schnute [16] . Details about the 4-MEI analyses are in the Supplemental Material. Twelve different beverage products were tested, including one that did not contain caramel color in its ingredient list (Sprite); this beverage did not have measurable concentrations of 4-MEI and was dropped from further analysis.
NHANES Analyses
We used data from NHANES to estimate average daily consumption of different types of beverages. The NHANES is a population-based survey that uses a multi-stage, clustered, probability sampling strategy to collect information on health and nutrition in the U.S. population. Our analysis combined data from 2003-2010 to look at overall patterns during that time period. Our study sample included children and adults aged 3-70 years (unweighted N = 28,710). Survey respondents were excluded if their dietary recall was incomplete or unreliable (as determined by NHANES staff [17] ) or if they were pregnant or had diabetes at the time of data collection. A complete description of data-collection procedures and analytic guidelines is available elsewhere (www.cdc.gov/nchs/nhanes.htm).
Survey respondents reported the type and quantity of all food and beverages consumed in the prior 24-hour period (midnight to midnight). All reported food and beverage items are then systematically coded using the U.S. Department of Agriculture (USDA) Food and Nutrient database. We analyzed consumption of all sodas, and further categorized soda into five mutually exclusive categories: 1) Cola, 2) Diet-Cola, 3) Root Beer, 4) Pepper Cola and 5) Other (non-diet) Cola. We examined beverage consumption overall and by age (3 to 6, 6 to <11, 11 to <16, 16 to <21, 21 to <45, 45 to <65, and 65 to 70). We also stratified beverage consumption by race (Non-Hispanic White, Non-Hispanic Black, Hispanic) among adults aged 21-70.
We used multivariate logistic regression models to estimate the percent of the population (aged 21 to 70) overall and stratified by race who consumed any of each beverage (Table A in S1 File). Multivariate linear regression (OLS) was then used to estimate the volume (mL) of each beverage consumed among drinkers. These models adjusted for sex, age (21 to 44, 45 to 64, 65 to 70), race/ethnicity (Non-Hispanic White, Non-Hispanic Black, Hispanic), education (< high school, high school or GED, > high school), employment status (employed, unemployed), income (low income 130% federal poverty level, high income), BMI (healthy, overweight, obese), and weight loss intention. We repeated this analysis stratified by age. Models for adults aged 21 to 70 adjusted for the above variables whereas models for children aged 3-20 adjusted for sex, race/ethnicity, income, and weight status. All covariates for both child and adult models were included based on prior literature regardless of statistical significance. Appropriate survey weights were used for all analyses to generate nationally-representative estimates.
Soft drinks included in the exposure and risk assessments were assigned to a corresponding NHANES beverage categories in order to estimate intake rates (IRs) and lifestage-specific consumption factors (CFs) (Table B in S1 File). A corresponding NHANES category was not available for malt beverages or iced tea, and medians of the median and 95 th percentile IRs and the CFs of the NHANES categories used for the exposure assessment (cola, diet cola, pepper cola, and root beer) were used for Malta Goya and Brisk Lemon Iced Tea.
Exposure Assessment
We used the results of the 4-MEI and NHANES analyses to estimate lifetime average daily doses (LADD; milligrams per kilogram of bodyweight per day [mg/kgBW/day]) of 4-MEI associated with consumption of each beverage, accounting for several types of variability. First, we estimated average daily dose (ADD; mg/kgBW/day) of 4-MEI for each lifestage x ! y, using the formula:
where [4MEI] is the 4-MEI concentration (μg/L) ( Table 1) , IR is intake rate among consumers of the beverage (L/day) ( Table 2 ; results were divided by 1,000 to convert mL/day to L/day), and kgBW is bodyweight (kg) (Table C in S1 File) [18] . The result was divided by 1,000 to yield dose in mg/kgBW/day. For [4MEI], we used both the mean and maximum 4-MEI concentrations for samples purchased from all locations and from California and the New York area to account for variability among samples (the mean concentration compared to the maximum concentration) and location of purchase (the California samples compared to the New York area samples). For IR, we matched each beverage to an appropriate NHANES category (see below) and, for each lifestage x!y, used 50 th -and 95 th -percentile intake rates for that lifestage for that category, to account for variability in consumption across and within lifestages. For kgBW, we used the bodyweights recommended by the U.S. Environmental Protection Agency for each lifestage x!y [18] , to account for variability in bodyweight across lifestages.
Second, we estimated LADD by time-weighting each ADD x ! y by the exposure duration (the duration of the lifestage) in years and averaging the sum of time-weighted ADDs over an averaging time, using the formula:
where ED x ! y is lifestage-specific exposure duration (Table C in S1 File) and AT is averaging time (70 years) [18] .
Risk Assessment
The cancer risk associated with consumption of each beverage was estimated by multiplying LADD by the unit cancer risk (UCR) for 4-MEI developed by the Office of Environmental Health Hazard Assessment (OEHHA) in California after the state listed 4-MEI as a carcinogen 
The UCR is the increase in lifetime cancer risk per mg/kgBW/day unit dose. The OEHHA derived the UCR of 0.024 per mg 4-MEI/kgBW/day from data on the carcinogenicity of 4-MEI in the male mouse, as obtained from the NTP feeding study [12, 14] . The cancer burden is the number of lifetime excess cancer cases associated with a population exposure to 4-MEI. In this case, we estimated the cancer burden associated with consumption of each beverage by the U.S. population, assuming that only one beverage is consumed nationally and that 4-MEI exposure does not occur from other sources. For the purpose of estimating burden, each ADD was adjusted by a lifestage-specific consumption factor, or the percentage of the U.S. population within the lifestage that consumes the beverage, as determined from the NHANES analyses, prior to calculation of the LADD:
where CF x!y is the lifestage-specific consumption factor. The adjusted LADD was then multiplied by the UCR to estimate cancer risk, as above. Finally, the cancer burden was estimated as:
where P is the U.S. population size at mid-year in 2012, as estimated by the U.S. Census Bureau [19] . between mean and maximum New York area samples) and the three Pepsi beverages (50-90% for New York area samples, depending on the beverage, and 36% for California samples of Diet Pepsi). When results for the five combinations with variability > 20% are stratified by month of purchase, however, variability in 4-MEI concentrations declined markedly within beverage over time. For example, in Diet Pepsi samples from California, variability declined from 25% in samples purchased between April and July to 7% in samples purchased in December. There were significant differences in mean 4-MEI concentrations of samples purchased in California and the New York metropolitan area for Dr. Snap Regular (p = 0.03), Pepsi (p = 0.02), Diet Pepsi (p = 0.02), and Pepsi One (p<0.001). Cross-location variability diminished substantially for these same beverages measured in December 2013, reflecting declines in 4-MEI concentrations in samples purchased in New York (Table 2) . Table 3 shows the distribution of consumption of beverages on a typical day, by life stage. Persons reporting consumption of soft drinks overall varied considerably across the life course with 30.1% of children aged 3 to <6, 57.1% of young adults aged 16 to <21, and 34.9% of older adults aged 65 to 70 consuming any soft drinks. The percent of the population who consume each soft drink type varied as well with colas being the most popular and root beer and pepper colas being the least popular. For each soft drink type, the trend across the life course was similar with consumption highest among adolescents and young adults. Exposure, Risk, and Burden Table 4 presents the results of the population exposure and risk assessments for 11 beverages (Sprite was dropped from the risk analysis, per above). In general, these results followed the same pattern as the results of the 4-MEI analyses: under average exposure conditions, the highest LADDs were associated with Malta Goya (7.64x10 -3 to 8.04x10 -3 mg/kgBW-day), the three , depending on location) and generally these beverages were associated with lower burdens (76 to 167 cases), Dr. Pepper from all locations and from California and the New York area was associated with a lower burden (78 to 81 cases) than Coca-Cola beverages from some locations. It is important to note that risks and associated burdens were driven both by varying 4-MEI concentrations in beverages and by varying consumption rates for the different beverages. Cancer risks and burdens for adults by race/ethnicity are presented in Table D in S1 File.
Results
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Discussion
This is the first study to estimate 4-MEI concentrations in common soft drinks as well as corresponding cancer risks and burdens. Based on 4-MEI concentrations observed in beverage samples from this study, it appears that 4-MEI exposures associated with average rates of soft drink consumption pose excess cancer risks exceeding one case per 1,000,000 exposed individuals, which is a common acceptable risk goal used by some U.S. federal regulatory agencies [20] [21] [22] . Specifically, consumption of Malta Goya, Pepsi, Diet Pepsi and Pepsi One resulted in 4-MEI exposures with associated risks exceeding one excess case per 10,000 exposed individuals, suggesting that the risk can greatly exceed this threshold. Caramel color is regulated as a color additive by the by the U.S. Food and Drug Administration (FDA) [3, 23] . Despite increasing public concerns regarding risks related to 4-MEI exposure, the FDA's action has been limited to continued assessment of the occurrence of 4-MEI in foods and beverages containing caramel color, rather than characterization of risks or regulatory action [24, 25] . FDA has recently completed an examination of 400 different foods for the presence of 4-MEI, and concluded that caramel color-containing carbonated beverages contributed to approximately 25% of 4-MEI intake in the US population over age 2, accounting for more exposure than any other source [24] .
Still, in statements made to the media, FDA officials have suggested that highly unrealistic soda consumption (i.e., 1,000 cans per day) would be required to achieve the 4-MEI exposures that induced cancer in toxicological studies, implying the existence of an exposure threshold for carcinogenesis [9] . Similar statements are made regularly by the beverage industry, which submitted these claims to the OEHHA when the agency set the NSRL for 4-MEI under Proposition 65 [26] . The OEHHA denied these claims on the basis of available evidence regarding the mode of carcinogenic action of 4-MEI, concluding that while little evidence supported a genotoxic mode of action for 4-MEI, the existing battery of tests was insufficient to rule out its possibility, especially in the lung. Thus, the OEHHA concluded that, in the absence of evidence for an alternative mode of action, it would default to assuming that 4-MEI acts linearly in the low-dose region of the dose-response curve, and that a threshold does not exist [14] . In this study, we followed the OEHHA's interpretation of the data and the shape of the dose-response curve.
Our results demonstrated marked differences in 4-MEI concentrations between California (where Proposition 65 applies) and the New York area (where no similar regulation is present). With one exception (Goya Malta, where concentrations were consistently high and did not vary by time and location), 4-MEI concentrations in beverages were always considerably elevated in 
Risk Assessment of 4-Methylimidazole in Soft Drinks
There are several notable limitations. We estimated 4-MEI exposure and associated cancer risk and burden separately for specific beverages. These estimates assume that the U.S. population drinks one beverage exclusively and that the population is not exposed to 4-MEI from additional sources. As shown here, a variety of beverages contain 4-MEI at levels of public health concern and individuals may consume more than one beverage type. Additional exposure pathways may include other beverages like beer and blended whiskey; foods like baked goods, gravies, and sauces; and secondhand smoke [12] . Another limitation was the lack of specific intake rates and consumption fractions for malt beverages and iced teas. With respect to the analyses using the NHANES data, the use of single 24-hour dietary recalls may introduce inaccuracy and bias due to underreporting, unreliability, or conversion error. Lastly, our beverage concentration estimates are based on the testing of a small number of lots from two geographic locations; despite this, in most cases, 4-MEI concentrations were relatively consistent across lots. It is possible that further differences in concentrations could be observed if samples from other geographic locations were tested.
Even considering the impact of Proposition 65 on 4-MEI concentrations in beverages, it is worth noting that the NSRL established by OEHHA corresponds to a risk of one cancer per 100,000 people exposed. Given that a sizable fraction of the U.S. population consumes these beverages, and high consumption by some persons, a substantial cancer burden may persist even if exposures are reduced to the NSRL nationally. Accordingly, federal regulation to eliminate unnecessary 4-MEI exposures may be needed. An FDA intervention, such as maximum levels for 4-MEI in beverages, could be a valuable approach to reducing excess cancer risk attributable to 4-MEI exposure in the U.S. population. 1 Models adjusted for sex, age, race, education, employment, income, BMI, and weight loss intention. Table B. NHANES soft drink classifications used as bases for soda model intake rate and consumption factor estimates. Caption:
Supporting Information
1 Goya Malta and Brisk Lemon Iced Tea did not rely on NHANES intake factors or consumption factors from specific soft drink classifications. Instead, they used the median and maximum IRs and the CFs of all of the NHANES categories used for the exposure assessment (including cola, diet cola, pepper cola, and root beer). LADD is lifetime average daily dose (mg/kgBW/day) and assumes the mean beverage concentration of 4-MEI, the median beverage intake rate, and 70 years of daily consumption; 2 Risk is lifetime excess cancer risk associated with consumption of soft drink model; 3 CF is the fraction of the specified race/ethnicity group consuming the noted beverage; 4 Estimates of race/ethnicity group populations are from the 2010 United States Census (http://www.census.gov/prod/cen2010/briefs/c2010br-02.pdf) 5 Burden is lifetime excess cancer cases associated with consumption of beverage by the U.S. population.
